HOXA9 plays a critical role in both normal hematopoiesis and leukemogenesis, particularly in the development and maintenance of mixed lineage leukemia (MLL)-rearranged leukemia. Through reverse transcription polymerase chain reaction (RT-PCR) analysis of HOXA9 transcripts in human leukemia and normal bone marrow samples, we identified a truncated isoform of HOXA9, namely HOXA9T, and found that both HOXA9T and canonical HOXA9 were highly expressed in leukemia cell lines bearing MLL rearrangements, relative to human normal bone marrow cells or other subtypes of leukemia cells. A frameshift in HOXA9T in exon I causes a premature stop codon upstream of the PBX binding domain and the homeodomain, which leads to the generation of a non-homeodomain-containing protein. Unlike the canonical HOXA9, HOXA9T alone cannot transform normal bone marrow progenitor cells. Moreover, HOXA9T cannot cooperate with MEIS1 to transform cells, despite the presence of a MEIS1-binding domain. Remarkably, although the truncated isoforms of many proteins function as dominant-negative competitors or inhibitors of their full-length counterparts, this is not the case for HOXA9T; instead, HOXA9T synergized with HOXA9 in transforming mouse normal bone marrow progenitor cells through promoting self-renewal and proliferation of the cells. Collectively, our data indicate that both truncated and full-length forms of HOXA9 are highly expressed in human MLL-rearranged leukemia, and the truncated isoform of HOXA9 might also play an oncogenic role by cooperating with canonical HOXA9 in cell transformation and leukemogenesis.
INTRODUCTION
HOX genes are a highly conserved subgroup of the homeobox superfamily which plays an essential role during embryogenesis and oncogenesis [1; 2] . In mammals, 39 HOX genes are clustered in four different chromosomal loci, designated as clusters A, B, C and D [3] . HOX genes encode transcription factors and bind to DNA through a highly conserved 183 nucleotide sequence called the homeodomain. HOX proteins can function as monomers or homodimers to drive the transcription of downstream targets directly, and as heterodimers or heterotrimers with members of the three amino acid loop extension (TALE) family of cofactors, such as MEIS or PBX [4; 5; 6; 7] .
HOXA9 is a well-studied member of the HOXA cluster, and it plays a significant role in both normal hematopoiesis and leukemogenesis. Hoxa9 deficient mice showed impaired hematopoietic development [8] . In humans, HOXA9 was found to be highly expressed and required in some subtypes of leukemia, particularly mixed lineage leukemia (MLL)-rearranged leukemia [9; 10; 11; 12] . The aberrant overexpression of HOXA9 is thought to be associated with poor survival of acute myeloid leukemia (AML) patients [11; 13; 14; 15] . Moreover, enforced coexpression of Hoxa9 and its co-factor Meis1 in mouse bone marrow cells leads to rapid AML development [7; 16] , and they are able to replace the leukemogenic activity of MLL-ENL [17] .
The canonical HOXA9 (hereafter called HOXA9 for simplicity) transcript contains two exons: exon I and the homeodomain-containing exon II [18; 19] . In mice, an alternatively spliced transcript (namely Hoxa9T) which resulted in a frameshift in exon I leading to production of a truncated protein lacking the homeobox domain was identified a decade ago [20; 21] . Hoxa9T is significantly expressed in different mouse embryonic tissue. When ectopically expressed in Hela cells, Hoxa9 was strictly targeted to the nucleus, while the Hoxa9T was found both in the nucleus and the cytoplasm. It was also found that both isoforms were able to interact with coactivator CREB-binding protein (CBP), but only Hoxa9 was able to interact with Meis1, Meis2 and Pbx1b [20] . However, the presence of the HOXA9T in humans has only been reported in an endometrial adenocarcinoma cell line [20] ; HOXA9T has not been reported in normal human cells and its function remains elusive.
Due to the aberrant overexpression and the significant oncogenic role of HOXA9 in leukemia, we determined the presence of HOXA9 isoforms in human leukemia cell lines and normal bone marrow mononuclear cells by use of the RT-PCR assay, followed by sequencing. We identified two alternatively spliced transcripts of human HOXA9 genes designated HOXA9 and HOXA9T that encode for a homeodomain-and a nonhomeodomain-containing protein, respectively. Both were highly expressed in human MLLrearranged leukemia cell lines compare to normal bone marrow mononuclear cells or other subtypes of leukemia cells. In addition, we employed mouse bone marrow progenitor cell colony-forming and replating assays to study the function of the two isoforms. We found that HOXA9T alone or together with MEIS1 could not transform normal bone marrow progenitor cells. Nonetheless, HOXA9T is not a dominant negative competitor of HOXA9; instead, forced expression of HOXA9T significantly enhanced the ability of HOXA9 to transform mouse bone marrow progenitor cells.
MATERIALS AND METHODS
Cell culture and normal control samples MONOMAC6 (containing an MLL-AF9 fusion gene) cells were growing in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 2 mM L-glutamine, nonessential amino acid, 1mM sodium pyruvate and 9 μg/ml human insulin. THP-1 (also containing an MLL-AF9 fusion gene) was maintained in RPMI 1640 containing 1% penincillin-streptomycin, 0.05 mM 2-mercaptoethanol and 10% FBS. KOCL-48/t(4;11), KASUMI-1/t(8;21) and NB-4/t(15;17) were maintained in RPMI 1640 containing 1% penincillin-streptomycin, 0.05 mM 2-mercaptoethanol and 10% FBS. HEK293T and Rat1a cells were cultured in Dulbecco modified Eagle's medium (DMEM) supplemented with 10% FBS and 1% penincillin-streptomycin (Invitrogen). The mononuclear cell (MNC) samples were isolated from normal BM cells purchased from AllCells, LLC. MNC cells were isolated using NycoPrep 1.077A (Axis-Shield, Oslo, Norway) according to the manufacturer's manual.
RNA preparation, PCR and DNA sequencing
The total RNA of mononuclear cells and cell lines was isolated by use of miRNeasy Mini Kit (Qiagen). One step reverse transcription-polymerase chain reaction (RT-PCR) was performed with the primers: HOXA9-forward 5'-atagaattcatggccaccactggggc-3', HOXA9-reverse 5'-accctcgagtcactcgtcttttgctc-3' using one-step RT-PCR kit (Qiagen). The PCR condition is reverse transcription at 50°C for 30min, initial PCR activation step at 95°C for 15min, 30 cycles of 3-step cycling with 94°C for 30 seconds, 60°C for 30 seconds and 72°C for 1min, and final extension at 72°C for 10min. RT-PCR product was run in an agarose gel. DNA was recovered from the gel with QIAquick Gel Extraction Kit (Qiagen) and was sequenced with primer 5'-atagaattcatggccaccactggggc-3'.
Retroviral constructs cloning
HOXA9 and HOXA9T were PCR-amplified from human normal bone marrow mononuclear cells, and were then cloned into MSCV-PIG vector that contains a PGK-puromycin-IRES-GFP (PIG) [22] . HOXA9 and MEIS1 were PCR amplified from human normal bone marrow mononuclear cells, and were cloned into MSCVneo (Clontech, Mountain View, CA). The primers are shown in Table 1 .
Retrovirus preparation
As described previously [23; 24] , retrovirus for each construct was produced in 293T cells by co-transfecting the retroviral constructs and pCL-Eco packaging vector (IMGENEX, San Diego, CA) using Effectene transfection reagent(Qiagen). Rat1a cells were used to determine the viral titer.
In vitro colony-forming and replating assays
Hematopoietic progenitor (i.e., lineage negative, Lin-) cells were obtained from a cohort of 4-to 6-week-old B6.SJL (CD45.1) mice five days after 5-FU treatment (150 mg/kg) using the Mouse Lineage Cell Depletion Kit (Miltenyi Biotec Inc., Auburn, CA), and were then co-transduced with retrovirus collected from 293T cells transfected with retroviral constructs through "spinoculation" [23; 24] . Then, four aliquots of 1× 10 4 of the transfected cells were plated into four 35 mm Nunc Petri dishes in 1.1 ml of Methocult M3230 methylcellulose medium (Stem Cell Technologies Inc., Vancouver, BC, Canada) containing 10 ng/ml each of murine recombinant IL-3, IL-6, and GM-CSF and 30 ng/ml of murine recombinant stem cell factor (R&D Systems, Minneapolis, MN), along with 1.0 mg/ml of G418 (Gibco BRL, Gaithersburg, MD) and 2.5 μg/ml of puromycin (Sigma, St. Louis, MO).
Cultures were incubated at 37°C in a humidified atmosphere of 5% CO 2 in air for 7 days. Then, cells from colonies in each dish were washed and collected, and replated in methylcellulose dishes every 7 days with 1× 10 4 cells for up to three passages.
Histopathology
Cells were collected from colony-forming and replating assays. 50,000 cells were washed twice with cold MACS Buffer and were diluted in 200 μl of the same buffer. Each sample was loaded into the appropriate wells of the cytospin, and then spun at 2000 rpm for 2 min. The cytospin slides were stained with Wright-Giemsa and were analyzed by us and by members of our hematopathology faculty.
RESULTS

Two isoforms of HOXA9 are highly expressed in MLL-rearranged leukemia cells
To investigate the presence and abundance of HOXA9 transcript isoforms in leukemia cell lines, we performed RT-PCR in five leukemia cell lines including MONOMAC6/t(9;11), THP-1/t(9;11), KOCL-48/t(4;11), NB-4/t(15;17) and KASUMI-1/t(8;21), along with two normal human bone marrow mononuclear cell samples. We observed that two transcripts (around 830bp and 660bp, respectively) were present in the cells and the expression level of both transcripts was much higher in MLL-rearranged leukemia cell lines, such as MONOMAC6, THP-1 and KOCL-48, compared to normal control cells or two other leukemia cell lines, NB-4 and KASUMI-1 (Fig. 1A) . In order to determine the sequence of the two transcripts, we recovered the DNA fragments from the gel and sequenced them. After aligning with the NCBI nucleotide database, we found that the longer transcript was the full length HOXA9 coding region sequence (CDS), while the shorter one was an alternative splicing isoform of HOXA9 (i.e. HOXA9T) which was missing 174bp in the middle of the first exon (Figs. 1B and C) . Interestingly, this isoform causes a frame shift and introduces a stop codon four base pairs after the deletion. As a result, there is no homeodomain and PBX-binding domain in the truncated HOXA9, but the MEIS-binding domain is retained (see Figs. 1B and D) .
HOXA9T alone or together with MEIS1 cannot induce cell transformation
Previous studies showed that forced expression of HOXA9 alone can induce cell immortalization in vitro [25; 26] . To compare the roles of HOXA9 and HOXA9T in cell transformation, we performed in vitro colony-forming and replating assays. As expected, forced expression of HOXA9 alone in mouse normal bone marrow progenitor cells resulted in hundreds of colonies after series of replating; however, forced expression of HOXA9T alone caused only a few colonies, similar to transduction of empty vector controls (see Fig.  2A ). These data suggest that unlike HOXA9, HOXA9T alone cannot transform normal bone marrow progenitor cells.
Although HOXA9T does not contain the homeodomain, the MEIS1-binding domain is still retained in its N terminus [27] (Fig. 1D) . Thus, we sought to investigate whether HOXA9T can cooperate with MEIS1 to induce cell transformation. As shown in Figure 2A , though forced expression of MEIS1 alone could not transform mouse bone marrow progenitor cells, co-expression of MEIS1 and HOXA9 resulted in signficantly more colonies than forced expression of each alone. However, there was no synergistic effect between HOXA9T and MEIS1, and co-expression of both did not cause many colonies either ( Fig. 2A) . Similar patterns were observed when we compared the average number of cells per dish in the colony-forming and replating assays (Fig. 2B) . These findings indicate that although HOXA9T contains a MEIS1-binding domain, HOXA9T does not cooperate with MEIS1 to transform normal cells.
HOXA9T can enhance the cell-transformation capability of HOXA9
Truncated isoforms of many proteins have been shown to function as dominant-negative competitors or inhibitors of the full-length counterparts [28; 29; 30; 31; 32; 33; 34] . Thus, we sought to determine whether HOXA9T also acts as a dominant-negative antagonist of HOXA9. Surprisingly, however, in our colony-forming and replating assays, we found that co-transduction of HOXA9T and HOXA9 (i.e., HOXA9T+HOXA9) into mouse normal bone marrow progenitor cells caused significantly (P<0.05) more colonies than transduction of each alone after series of replating (see Fig. 3A ). The cells number from each dish was consistant with the pattern of the colony number (Fig. 3B) . To determine cell morphology, we obtained cytospin preparations and stained them with Wright-Giemsa. Cells with HOXA9T overexpression presented similar morphology as the control cells in which most of the cells differentiated into macrophages or neutrophils, while many of the cells transduced with HOXA9 displayed a very immature morphology (basophilic cytoplasm, large nucleus, evident nucleolus, lacy chromatin) (Fig. 3C) . Notably, there were even a higher proportion of immature cells in the colonies containing both HOXA9T and HOXA9 compare to HOXA9 alone (Fig. 3C) . Together, these results indicate that although HOXA9T alone is not a strong oncogene, it exhibits a synergistic oncogenic effect with HOXA9 to transform mouse bone marrow progenitor cells through promoting cell self-renewal and proliferation.
DISCUSSION
In the present study, we identified a truncated isoform of HOXA9, namely HOXA9T, in human hematopoietic cells and showed that both HOXA9T and HOXA9 are highly expressed in human leukemia cell lines with MLL rearrangements, such as MONOMAC6, THP-1 and KOCL-48, compare to normal bone marrow cells or the leukemia cell lines with other chromosomal translocations (Fig. 1A) . Furthermore, through sequencing analysis we found that the alternative splicing isoform of HOXA9 resulted in a frameshift which lead to the generation of a truncated protein lacking the homeobox (see Fig. 1B-D) .
Although the expression of this truncated isoform of Hoxa9 has been found previously in several other species [18; 19; 20; 21] , little is known about the expression and function of HOXA9T in normal human cells including the hematopoietic system. The overexpression of the truncated isoform of HOXA9 in MLL-rearranged leukemia cell lines (Fig. 1A) implies that HOXA9T might also play a role to leukemogenesis in MLL-rearranged leukemia. Nonetheless, in colony-forming and replating assays, we found that unlike HOXA9, HOXA9T alone could not transform mouse bone marrow progenitor cells in vitro (see Fig.  2A ). This is not surprising, because HOXA9T loses the homeobox domain which is essential for DNA binding, and thus is likely to lose the ability to drive the transcription of downstream targets directly.
It is well-known that TALE family homeobox proteins, such as MEIS1, PBX, bind with HOXA9 and increase its DNA-binding affinity and thus enhance the transcriptional activity of HOXA9 [6; 35; 36] . Even though HOXA9T lacks the homeobox and PBX-binding domains which are located in the C-terminus, MEIS1-binding domain which is in the N terminus remains [27] . However, we didn't see any synergistic or additive effects between HOXA9T and MEIS1 in cell transformation (see Fig. 2 ). This is consistent with previous findings that Hoxa9T does not interact significantly with Meis1, Meis2 in vitro in GST pulldown assays whereas Hoxa9 protein interacts with these partners [20] .
Numerous studies showed that truncated isoforms of many proteins usually function as dominant-negative competitors or inhibitors of their full-length counterparts [28; 29; 30; 31; 32; 33; 34] . Given the fact that HOXA9T itself cannot transform cells and that both Hoxa9T and Hoxa9 are able to bind CBP with high efficiency [19; 20] , one may expect that HOXA9T might function as a dominant-negative competitor or inhibitor of HOXA9 via some potential mechanism such as competing for CBP binding. However, we demonstrated that this is not the case; instead, HOXA9T exhibited a synergistic effect with HOXA9 in transforming hematopoietic progenitor cells, probably through forming heterodimers with HOXA9 or via some unknown mechanisms. Thus, our studies suggest that the shorter isoform of HOXA9 might also play an important role in the cell transformation and leukemogenesis of MLL-rearranged leukemia through cooperating with the full-length HOXA9. 
